1. Introduction {#sec1}
===============

Interferons (IFNs) are the key components of innate immunity in response to viral infection. Among the three type IFNs (types I, II, and III), type III IFN-lambda (IFN-L) was recently discovered as a member of the IL-10 superfamily of cytokines ([@bib5], [@bib12], [@bib13]; review; [@bib19]). Similar to type I IFN, IFN-L is a multigene family of closely related cytokines, consisting of four members in humans (IFN-L1, IFN-L2, IFN-L3, and IFN-L4) and two in mice (IFN-L2 and -L3) ([@bib5], [@bib13]; review). So far, only two members of porcine IFN-Ls (IFN-L1 and IFN-L3) have been cloned and expressed ([@bib25], [@bib29]). Recently, IFN-L was shown to predominantly act in mucosal organs, including epithelial surfaces of the liver, respiratory, and gastrointestinal systems, which are major entry points for many pathogens ([@bib13]; review; [@bib19], [@bib24]). Similar to type I IFNs, IFN-L is rapidly produced after infection and, following engagement with its receptor, induces IFN-stimulated gene (ISG) expression to mediate antiviral activity ([@bib9], [@bib12]). Although type I IFN and IFN-L induce similar proximal signaling events and downstream transcriptional responses, the IFN-L receptor is structurally and genetically distinct from the type I IFN (alpha) receptor (IFNAR) ([@bib12], [@bib13]; review; [@bib27]). The IFN-L receptor is a single heterodimeric receptor complex consisting of the IFNLR1 signaling chain and the IL-10Rβ accessory chain ([@bib12], [@bib27]). IFNLR1 is preferentially expressed on epithelial cells unlike IFNAR and IL-10Rβ, each of which is expressed broadly on many types of cells and tissues ([@bib27]). Given that IFNLR1 is predominantly expressed on mucosal epithelia, IFN-L may provide a more focused antiviral response at mucosal barrier sites to reduce the side effects associated with a systemic pro-inflammatory immune response, such as that of type I IFN. Therefore, IFN-L may be a potential antiviral therapeutic for targeting mucosal infections.

Porcine epidemic diarrhea virus (PEDV) is an enteropathogenic alpha coronavirus and causes swine disease with huge economic relevance ([@bib17], [@bib30], [@bib33]; review). PEDV primarily infects small intestinal epithelial cells *in vivo*, and infection causes pronounced villous atrophy that results in an acute malabsorption syndrome with symptoms of watery diarrhea, vomiting and anorexia in pigs of all ages ([@bib15], [@bib30]). PEDV infection causes high morbidity and mortality, particularly in newborn piglets, which results in a significant economic loss in the pig industry ([@bib10], [@bib15]). Although there are several commercial PEDV vaccines available in China, the PEDV endemic has persisted in China since 2011 ([@bib4], [@bib15]). Therefore, the development of anti-PEDV therapeutics is urgently needed. IFN-L has been shown to inhibit replication of many viruses *in vitro* and *in vivo* ([@bib1], [@bib9], [@bib27]). However, there are no reports regarding whether porcine IFN-L inhibits the coronavirus PEDV.

2. Materials and methods {#sec2}
========================

2.1. Cells and viruses {#sec2.1}
----------------------

African green monkey epithelial Vero E6 cells were used to amplify PEDV. Vero E6 cells were grown in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with antibiotics (100 units/ml of penicillin and 100 μg/ml of streptomycin) and 10% heat-inactivated fetal bovine serum (FBS) (Gibco). The intestinal porcine epithelial cell line J2 (IPEC-J2) (kindly provided by Dr. Anthony Blikslager, North Carolina State University, Raleigh, NC, USA) was maintained in Dulbecco\'s Modified Eagle\'s Medium Nutrient Mixture F-12 (DMEM/F12) supplemented with antibiotics (100 units/ml of penicillin, 100 μg/ml of streptomycin, and 0.25 μg/ml of Fungizone^®^), 0.1 mM HEPES (Gibco), and 10% heat-inactivated fetal bovine serum (FBS) (Gibco). PEDV strain CV777 of genotype 1 (GenBank accession No KT323979) and PEDV strain LNCT2 of genotype 2 (GenBank accession No KT323980) were maintained at the Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences, Harbin.

2.2. Determination of antiviral units (AUs) of rpIFN-L1 and L3 {#sec2.2}
--------------------------------------------------------------

The biological antiviral activity of *E. coli-*derived recombinant porcine IFN-lambda (rpIFN-L)1 and 3 were prepared in our laboratory and evaluated in MDBK cells using a recombinant vesicular stomatitis virus (VSV) expressing a GFP reporter as described previously ([@bib3]). The weight-activity unit (U/ml) of samples was calculated using porcine IFN-α as a reference.

2.3. Antiviral assay {#sec2.3}
--------------------

To determine the anti-PEDV activity of *E. coli-*derived rpIFN-L1 and 3 prepared in our laboratory, Vero E6 or IPEC-J2 cells were seeded in 24-well plates and either left untreated or pre-treated with the indicated concentrations of rpIFN-L for 24 h. The cells were then infected with PEDV strain CV777 or strain LNCT2 at an MOI of 0.1 for 2 h and then cultured with medium in the absence of rpIFN-L for 36 h before harvesting the cell supernatant. For measuring the inhibition kinetics of rpIFN-L1 against PEDV infection, Vero E6 cells were stimulated or unstimulated for 24 h with 100 ng/ml of rpIFN-L1 and then infected with PEDV for 2 h followed by culturing in the absence of rpIFN-L for the indicated hours before quantifying PEDV infection. To examine the level of ISG expression in IPEC-J2 cells following IFN stimulation, the cells were stimulated with the indicated concentrations of IFNs in 24-well plates for 24 h. Cells were then lysed, and total RNA was extracted for subsequent qPCR analysis.

2.4. Real-time quantitative PCR (qPCR) {#sec2.4}
--------------------------------------

Total RNA was extracted from the cellular supernatant or cell lysates using the Simply P Total RNA Extraction Kit (BioFlux, China) according to the manufacturer\'s instructions. Reverse transcription was performed using the PrimeScript™ II 1st Strand cDNA Synthesis Kit (TAKARA), and qPCR was performed in a LightCycler480 Ⅱ (Roche, Switzerland) with power SYBR Green PCR Master Mix (Applied Biosystems). The thermal cycling conditions were 95 °C for 10 min, followed by 40 cycles of 95 °C for 30 s, and 60 °C for 1 min. All acquired data were obtained using LightCycler 480 real time PCR machines (Roche) and analyzed with LightCycler 480 software 1.5 based on the cycle threshold (ΔΔCT) method ([@bib26]). Primers were designed using Oligo 6 software and are shown in [Table 1](#tbl1){ref-type="table"} .Table 1qPCR primers used in the present study.Table 1Gene namePrimer sequences (5′---3′)**qPCR primers:**PEDV SForwardGCAGTAATTCCTCAGATCCTCReverseGTAGTGTCAGATGCAATGAGGMxAForwardCACTGCTTTGATACAAGGAGAGGReverseGCACTCCATCTGCAGAACTCATISG15ForwardAGCATGGTCCTGTTGATGGTGReverseCAGAAATGGTCAGCTTGCACGOASLForwardTCCCTGGGAAGAATGTGCAGReverseCCCTGGCAAGAGCATAGTGTIFITM1ForwardTGCCTCCACCGCCAAGTReverseGTGGCTCCGATGGTCAGAATIFITM3ForwardGTCGTCTGGTCCCTGTTCAACReverseGAGTAGGCGAAAGCCACGAA**Primers for IFITMs cloning:**pIFITM1-FTTT[GAATTC]{.ul}ATGATCAAGAGCCAGCACGAGATGGpIFITM1-RTTT[GGTACC]{.ul}TAGTAGCCTCTGTTACTCTTTGCGpIFITM3-FTTT[GAATTC]{.ul}ATGAACTGCGCTTCCCAGCCCTTCTpIFITM3-RTTT[GGTACC]{.ul}TAGTAGCCTCTGTAATCCTTTATGAG

Quantification of PEDV RNA was calculated based on a standard curve with known amounts of *in vitro*-transcribed PEDV RNA.

2.5. Immunofluorescence assay {#sec2.5}
-----------------------------

Vero E6 or IPEC-J2 cells were seeded in 96-well plates, and each confluent monolayer of cells was stimulated with indicated concentrations of either type of rpIFN-L for 24 h before PEDV infection. The cells were then infected with PEDV strain CV777 at an MOI of 0.1. PEDV infection was analyzed using an immunofluorescence assay (IFA) at 36 h post-infection. Briefly, the cells were fixed with 4% paraformaldehyde at 4 °C for 30 min and washed with 1 × PBS. Fixed cells were permeabilized with 0.2% Triton X-100 for 15 min at room temperature and blocked with blocking buffer (PBS with 10% FBS) for 1 h. The preparations were labeled with the mouse anti-PEDV nucleocapsid monoclonal antibody (mAb) 2G3 stocked in our laboratory (1:100 dilution) at 37 °C for 2 h followed by labeling with the Alexa Fluor 546 goat anti-mouse IgG antibody (1:200 dilution) (ThermoFisher Scientific) for 1 h at 37 °C. DAPI (1:100 dilution) was used to stain cell nuclei. The stained cells were visualized using an AMG EVOS F1 florescence microscope.

2.6. Cloning and expression of porcine IFITM1 and IFITM3 {#sec2.6}
--------------------------------------------------------

Primers for swine IFITM1 and 3 were designed according to available sequences from the NCBI database (Genbank accession No. [XM_003124230.2](ncbi-n:XM_003124230.2){#intref0010} for IFITM1 and [NM_001201382](ncbi-n:NM_001201382){#intref0015} for IFITM3). Swine IFITM1 and 3 were amplified by PCR from cDNA obtained from IFN-stimulated IPEC-J2 cells using the PrimeScript™ II 1st Strand cDNA Synthesis Kit (TAKARA) according to the manufacturer\'s instructions. The PCR products of porcine IFITM1 and IFITM3 were amplified with the primers listed in [Table 1](#tbl1){ref-type="table"}, and then cloned into a pCAGGS-HA vector (Clontech) to obtain pIFITM1-HA and pIFITM3-HA using EcoRI and KpnI restriction enzyme sites. The recombinant plasmids were verified by sequencing. Expression of porcine IFITM1 and IFITM3 from the recombinant plasmids was verified by western blotting using the mouse anti-HA mAb HA-7 (Sigma).

2.7. Cell viability measurement {#sec2.7}
-------------------------------

Cell viability was determined using the cell counting kit-8 (CCK-8) assay kit (Beyotime, Hangzhou, China) according to the manufacturer\'s instructions. Vero E6 or IPEC-J2 cells were seeded in 96-well cell culture plates at a density of 2 × 10^4^ cells/well and grown at 37 °C for 24 h. Indicated concentrations of rpIFN-L1 or rpIFN-L3 were added to each well, and blank control wells (without cells and IFN) and cells only control wells (with cells but without IFN) were included. After 60 h, 10 μl of the CCK8 reagent was added to each well, and the plate was incubated for 4 h at 37 °C. The absorbance was measured at 450 nm using a microplate reader, and 50% cellular cytotoxicity (CC~50~) was calculated using GraphPad Prism (GraphPad Software, Inc).

2.8. Statistical analyses {#sec2.8}
-------------------------

All statistical analyses were analyzed in GraphPad Prism (GraphPad Software, Inc). The difference between two treatments was determined using an Unpaired T-test. Differences were considered significant if the *P* value was \<0.05. *P* values are indicated as follows: \**P* \< *0.05;* \*\**P* \< *0.01;* \*\*\**P* \< *0.001.*

3. Results {#sec3}
==========

3.1. rpIFN-L1 inhibits PEDV infection in Vero E6 cells and small intestinal epithelial cells {#sec3.1}
--------------------------------------------------------------------------------------------

We prokaryotically expressed recombinant porcine IFN-L1 (rpIFN-L1) and rpIFN-L3 and purified each by Ni + affinity chromatography in our laboratory (unpublished results). rpIFN-L1 and rpIFN-L3 were determined to be biologically active and exhibit anti-VSV activity in MDBK cells using a VSV-GFP reporter assay. Previous studies have demonstrated that the antiviral unit (AU) of IFN is closely related to the virus and target cells used in the reporter assay; thus, we normalized the input of IFN by protein concentration instead of by AU throughout the study ([@bib5]).

PEDV is generally grown and amplified *in vitro* in Vero E6 cells that have lost the capacity to produce type I IFNs due to a chromosomal deletion ([@bib7]). A previous study has demonstrated that Vero E6 cells can respond to recombinant human IFN-L1 and induce antiviral responses following human IFN-L1 stimulation ([@bib28]). First, we evaluated the antiviral activity of rpIFN-L1 against infection with the PEDV classical strain CV777 in Vero E6 cells. Vero E6 cells were pre-treated with increasing doses of rpIFN-L1 for 24 h prior to infection with PEDV strain CV777. rpIFN-L1 treatment potently inhibited PEDV replication in Vero E6 cells in a dose-dependent manner. By measuring PEDV viral RNA, it was found that rpIFN-L1 at concentrations of 1000 ng/ml and 100 ng/ml significantly inhibited PEDV infection. Compared with the control (1.77 × 10^8^ copies), 1000 ng/ml and 100 ng/ml rpIFN-L1 reduced the level of PEDV viral RNA to 1.72 × 10^7^ and 3.57 × 10^7^ copies, respectively, resulting in more than 90% and 80% inhibition of PEDV infection, respectively. Additionally, 10 ng/ml rpIFN-L1 resulted in a 57.76% inhibition of infection in Vero E6 ([Fig. 1](#fig1){ref-type="fig"} A). The dose-dependent inhibition of PEDV by rpIFN-L1 was further confirmed by measuring PEDV-infected cells using IFA detection of PEDV nucleocapsid (N) protein ([Fig. 2](#fig2){ref-type="fig"} A). Next, we determined the stages of infection at which inhibition by rpIFN-L1 occurred by measuring virus production in the culture supernatant at different hours post-infection (hpi) ([Fig. 1](#fig1){ref-type="fig"}B). Pre-treatment with rpIFN-L1 at a concentration of 100 ng/ml reduced viral replication in Vero E6 cells at 12, 24, and 36 hpi ([Fig. 1](#fig1){ref-type="fig"}B). These results indicate that rpIFN-L1 exhibits antiviral activity against PEDV strain CV777 in Vero E6 cells independently of the responses induced by type I IFNs.Fig. 1**rpIFN-L1 and L3 inhibited PEDV (strain CV777) infection in Vero E6 and IPEC-J2 cells.** Vero E6 or IPEC-J2 cells were stimulated with rpIFN-L1 or rpIFN-L3 at indicated concentrations for 24 h in 24-well plates and then were infected with PEDV at an MOI of 0.1. Vero E6 or IPEC-J2 cells were further cultured for 36 h prior to PEDV RNA quantification by RT-qPCR; B. Vero E6 cells were treated or untreated with 100 ng/ml of rpIFN-L1 for 24 h prior to infection with PEDV. The cell supernatant containing PEDV RNA was measured by RT-qPCR at 12, 24, 36, 48, 60 h post-infection. The results are presented as the mean ± SEM (N = 3). \**P* \< 0.05; \*\**P* \< 0.01 by Unpaired T test.Fig. 1Fig. 2**rpIFN-L1 and rpIFN-L3 inhibited PEDV infection both in Vero E6 and in IPEC-J2 cells by IFA.** Vero E6 (A, B) or IPEC-J2 (C) cells were exposed to the indicated concentrations of rpIFN-L1 (A, C) or rpIFN-L3 (B) for 24 h prior to infection with PEDV, and then cells were infected with PEDV (strain CV777) for 2 h, maintained for 36 hpi without the presence of rpIFN-L, washed, and fixed with 4% paraformaldehyde. The virus was detected with PEDV N protein IFA. Nuclei were visualized by staining with DAPI. Scale bars represent 200 μm.Fig. 2

Intestinal epithelial cells of pig small intestine are the primary target cells of PEDV *in vivo*. We next investigated the antiviral effect of rpIFN-L1 against PEDV infection in intestinal epithelial cells *in vitro* using the IPEC-J2 cell line, a non-transformed, non-tumorigenic intestinal epithelial cell line isolated from the jejunal epithelium of a neonatal unsuckled piglet ([@bib8], [@bib32]). This cell line has been reported as an ideal *in vitro* model of porcine intestinal infections ([@bib16]). As in the Vero E6 cell experiments, IPEC-J2 cells were infected with PEDV strain CV777 after stimulating with rpIFN-L1. At concentrations of 1000 ng/ml and 100 ng/ml, rpIFN-L1 significantly reduced infection to 2.89 ± 2.19% and 12.0 ± 4.37% of the untreated control, respectively. As observed in Vero E6 cells, pre-treatment with rpIFN-L1 reduced PEDV infection in a dose-dependent manner ([Fig. 1](#fig1){ref-type="fig"}A). These results demonstrate that rpIFN-L1 is capable of inhibiting PEDV infection in both IPEC-J2 and Vero E6 cells.

3.2. rpIFN-L3 inhibits PEDV infection in Vero E6 cells and small intestinal epithelial cells {#sec3.2}
--------------------------------------------------------------------------------------------

Two members of porcine IFN-L have been reported ([@bib25]); therefore, we next investigated the antiviral activity of rpIFN-L3 against PEDV infection. Analogous to treatment with rpIFN-L1, we measured the inhibitory effect of rpIFN-L3 in Vero E6 cells and IPEC-J2 infected with PEDV strain CV777 ([Fig. 1](#fig1){ref-type="fig"}A). As with rpIFN-L1, treatment with rpIFN-L3 significantly inhibited PEDV infection in both cell types in a dose-dependent manner ([Fig. 1](#fig1){ref-type="fig"}A). The inhibition of PEDV infection by rpIFN-L3 was further assessed by IFA ([Fig. 2](#fig2){ref-type="fig"}B). Compared with rpIFN-L1, rpIFN-L3 exhibited a reduced (2-fold) viral inhibitory effect in Vero E6 cells when treated with lower doses of rpIFN-Ls (18.73 ± 10.16% for rpIFN-L1 versus 45.06 ± 7.24% for rpIFN-L3 at 100 ng/ml; 42.24 ± 15.01% for rpIFN-L1 versus 77.84 ± 11.31% for rpIFN-L3 at 10 ng/ml) ([Fig. 1](#fig1){ref-type="fig"}A). Interestingly, unlike the infection of Vero E6 cells, rpIFN-L3 exhibited a more potent activity against PEDV infection of IPEC-J2 cells at lower doses than that of rpIFN-L1 ([Fig. 1](#fig1){ref-type="fig"}A). These results indicate that rpIFN-L3 substantially inhibits PEDV infection in both Vero E6 and IPEC-J2 cells in a similar manner to rpIFN-L1.

3.3. rpIFN-L inhibits genotype 2 PEDV (strain) LNCT2 {#sec3.3}
----------------------------------------------------

There are two circulating PEDV genotypes, G1 and G2, which are based on the amino acid sequence of the PEDV spike protein ([@bib31]). The classical strain CV777 is of the G1 genotype and is a Vero E6-adapted strain. Strain LNCT2, a wild isolate obtained by our laboratory, is of the G2 genotype and replicates less efficiently in both Vero E6 and IPEC-J2 cells *in vitro* compared with the cell-adapted CV777 strain ([@bib31]). To determine whether rpIFN-L1 and rpIFN-L3 are capable of inhibiting infection with strain LNCT2, IPEC-J2 cells were infected with LNCT2 after pre-treatment with rpIFN-L1 or rpIFN-L3. Both rpIFN-L1 and rpIFN-L3 significantly suppressed infection of IPEC-J2 cells with strain LNCT2 in a dose-dependent manner, as determined by measuring viral RNA in the cellular supernatant ([Fig. 3](#fig3){ref-type="fig"} ). Although rpIFN-L1 and rpIFN-L3 exhibited a similar level of viral inhibition at 1000 ng/ml, rpIFN-L3 more efficiently inhibited LNCT2 infection in IPEC-J2 when using concentrations of 100 ng/ml to 1 ng/ml than rpIFN-L1. These results demonstrate that rpIFN-L inhibits infection of PEDV G2 genotype in porcine intestinal epithelial cells.Fig. 3**rpIFN-L1 and rpIFN-L3 inhibited G2 PEDV LNCT2 infection in IPEC-J2 cells.** IPEC-J2 cells were pre-treated with rpIFN-L1 or rpIFN-L3 at indicated concentrations for 24 h in 24-well plates and then were infected with PEDV (LNCT2). Cells were further cultured for another 36 h prior to PEDV RNA quantification by RT-qPCR. The results are presented as the mean ± SEM (N = 3). \**P* \< 0.05; \*\**P* \< 0.01.Fig. 3

3.4. rpIFN-L has greater antiviral activity against PEDV in IPEC-J2 than IFN-α {#sec3.4}
------------------------------------------------------------------------------

Growing evidences have demonstrated that the primary type of IFN acting in the gastrointestinal tract is type III rather than type I ([@bib1], [@bib24], [@bib27]). We compared the antiviral activity of rpIFN-L1 and porcine IFN-α against PEDV infection in IPEC-J2 cells. Although both IFN-α and rpIFN-L1 displayed antiviral effects against PEDV in IPEC-J2 cells in a dose-dependent manner, copies of viral RNA in the cellular supernatant were consistently higher in IFN-α-treated cells at concentrations of 1000 ng/ml to 10 ng/ml than in cells treated with equal concentrations of rpIFN-L1 (74,964 ± 58,768 copies for IFN-α versus 7845 ± 1196 for rpIFN-L1 at 1000 ng/ml; 1,095,148 ± 701,538 copies for IFN-α versus 140,109 ± 56,171 copies for rpIFN-L1 at 10 ng/ml), and rpIFN-L1 more significantly inhibited PEDV infection than IFN-α at 100 ng/ml and 10 ng/ml, indicating that IFN-α is less effective at inhibiting PEDV infection than rpIFN-L1 ([Fig. 4](#fig4){ref-type="fig"} ). These results clearly demonstrate that IFN-L1 preferentially inhibits enteropathogenic PEDV in IPEC-J2 compared with IFN-α.Fig. 4**rpIFN-L1 displayed more efficiency to inhibit PEDV in IPEC-J2 cells than IFN-**α. IPEC-J2 were treated with rpIFN-L1 or porcine IFN-a at indicated concentrations for 24 h in 24-well plates and then were infected with PEDV (CV777). PEDV infection was quantified by measuring RNA with RT-qPCR. The results are presented as the mean ± SEM (N = 3--4).Fig. 4

3.5. rpIFN-L inhibits PEDV infection by activating multiple mechanisms {#sec3.5}
----------------------------------------------------------------------

ISG15 ([@bib14]), MxA ([@bib11]), and the 2′,5′-oligoadenylate synthetase (OAS)-directed RNaseL (OASL) ([@bib18]) are three of the most important antiviral proteins induced by IFN. We next sought to determine whether an ISG antiviral response in IPEC-J2 was induced following rpIFN-L1 and rpIFN-L3 stimulation. The relative quantities of mRNA of 3 representative ISGs (i.e., ISG15, OASL, MxA) relative to their expression in control cells were determined by RT-qPCR. Transcriptional expression was up-regulated by approximately 171-fold for ISG15, 232-fold for MxA, and more than 2000-fold for OASL when cells were treated with 1000 ng/ml rpIFN-L1 ([Fig. 5](#fig5){ref-type="fig"} ). The expression of the three antiviral genes exhibited a dose-dependent response to rpIFN-L1 stimulation in IPEC-J2 cells and was correlated with the antiviral activity against PEDV infection of IPEC-J2 cells. Similar to rpIFN-L1, both rpIFN-L3 and IFN-α up-regulated the expression of all three antiviral genes after 24 h stimulation of IPEC-J2 cells. Interestingly, rpIFN-L3 elicited significantly lower OASL than rpIFN-L1 (*P* \< 0.05), even though rpIFN-L1 and rpIFN-L3 induced similar levels of MxA, and rpIFN-L3 induced significantly higher levels of ISG15 at 100 ng/ml than rpIFN-L1 ([Fig. 5](#fig5){ref-type="fig"}B and C). Consistent with a greater antiviral efficacy in IPEC-J2 cells by rpIFN-L1 compared with IFN-α, rpIFN-L1 induced greater mRNA expression of antiviral genes ISG15, OASL, and MxA than IFN-α, especially when using a high dose of 1000 ng/ml ([Fig. 5](#fig5){ref-type="fig"}). These data suggest that IPEC-J2 cells preferentially respond to rpIFN-L, although both IFN-α and rpIFN-L have antiviral activity in these cells.Fig. 5**rpIFN-L and IFN-α induced the expression of ISG genes in IPEC-J2 cells.** IPEC-J2 were stimulated with IFN at indicated concentrations for 24 h in 24-well plates, and the mRNA of ISG15, OASL, MxA, IFITM1 or IFITM3 was measured by relative RT-qPCR. The results are presented as the mean ± SEM (N = 3--4).Fig. 5

In addition, interferon-induced transmembrane proteins (IFITMs) have been recently identified as a related family of broadly potent antiviral cellular inhibitors, especially IFITM3, which exhibits robust antiviral activity against multiple enveloped RNA viruses include influenza virus, HIV-1, SARS coronavirus, and Degue virus ([@bib2], [@bib6]; review). IFITMs primarily restrict the early life cycle of enveloped viruses and inhibit viral entry by blocking viral fusion. As expected, the expression of porcine IFITM1 and IFITM3 were induced in a dose-dependent manner in IPEC-J2 cells following stimulation with either rpIFN-L or IFN-α ([Fig. 5](#fig5){ref-type="fig"}D and E). Unexpectedly, unlike the expression profiling of ISG15, OASL, and MxA, IFN-α up-regulated similar levels of IFITM1 and IFITM3 expression to those of rpIFN-L1. By contrast, rpIFN-L3 induced the highest levels of IFITM3 expression among the three IFNs at both 1000 ng/ml and 100 ng/ml. These results indicate that both IFITM1 and IFITM3 are induced by IFNs but exhibit various sensitivity to the stimulation of different IFNs and that rpIFN-L1 and rpIFN-L3 induce a different profile of antiviral genes even though they use the same receptor. We further cloned porcine IFITM1 and IFITM3 into a pCAGGS-HA vector. The transient expression of IFITM1 and IFITM3 was verified by western blotting (data not shown). The transient over-expression of IFITM1 and IFITM3 in Vero E6 cells inhibited PEDV infection, especially for IFITM3, which resulted in a 40% decrease of PEDV infection ([Fig. 6](#fig6){ref-type="fig"} ). All these results indicate that rpIFN-L induces the expression of multiple host antiviral genes to inhibit viral infection.Fig. 6**The transient expression of IFITMs inhibited PEDV replication.** Porcine IFITM1 and IFITM3 were cloned and expressed in the eukaryotic expression vector pCAGGS-HA. Vero E6 cells were infected with PEDV (CV777) following transfection with pIFITM1-HA, pIFITM3-HA, or Vector for 24 h. The viral RNA was quantified at 36 hpi. The results are presented as the mean ± SEM (N = 3).Fig. 6

3.6. Cytotoxicity {#sec3.6}
-----------------

To exclude the potential of cytotoxicity by rpIFN-L treatment of cells, we measured cell viability using the CCK-8 assay. No cytotoxicity was observed in the cells following IFN treatment for 60 h from 5000 ng/ml to 1 ng/ml. The percentages of CCK-8 OD values for rpIFN-L-treated Vero E6 or IPEC-J2 cells ranged from 90.69 ± 5.00% to 114.12 ± 4.36% of the controls, indicating no cytotoxicity. The CC~50~ of rpIFN-L1 and rpIFN-L3 was over 1.7 mg/ml, which is 1000-fold more than the concentration of rpIFN-L used in this study.

4. Discussion {#sec4}
=============

Interferons are one of the most important molecules of innate immunity in response to viral infection. IFN-L is increasingly being shown to play a pivotal role in inhibiting viral infections at mucosal surfaces. However, there is no information available about whether porcine IFN-L inhibits swine enteric pathogenic coronaviruses. PEDV is an alpha coronavirus that causes economically significant swine diseases. In this study, we investigated the relative contribution of porcine IFN-L toward controlling the infection of PEDV *in vitro*.

IFN-L preferentially acts on epithelial cells because IFNLR1 is expressed primarily on the epithelial cells of the gastrointestinal and respiratory tracts ([@bib19], [@bib24], [@bib27]). Here we report that both rpIFN-L1 and rpIFN-L3 have robust antiviral activity against PEDV infection in both IPEC-J2 and Vero E6 cells. Recent studies have demonstrated that IFN-L plays a vital role in restricting enteric viral infections relative to type I IFN ([@bib19], [@bib24], [@bib27]). Our results of the comparison of rpIFN-L1 and IFN-α against PEDV infection in IPEC-J2 cells also demonstrate that rpIFN-L more efficiently inhibits PEDV infection in IPEC-J2 cells than IFN-α, although both inhibit PEDV infection. Consistent with these results, rpIFN-L1 induced higher levels of antiviral gene expression (ISG15, OASL, and MxA) in IPEC-J2 cells compared with IFN-α, indicating that the ISGs induced by IFN-L confer an antiviral state in IPEC-J2. Timothy J. Nice et al. demonstrated that IFN-L alone can prevent and cure the enteric persistent infection of murine norovirus (MNoV) without the help of adaptive immunity ([@bib20]). The study of another virus targeting intestinal epithelia, rotavirus, confirms that IFN-L but not type I IFN inhibits rotavirus infection *in vivo* ([@bib24]). All these imply that IFN-L preferably provides the critical antiviral defenses of the intestinal epithelium compared with type I IFN.

The IFN-L family consists of two members in mice and four members in humans ([@bib13]; review). Two members of porcine IFN-L have been reported so far ([@bib25]). Although porcine IFN-L1 and IFN-L3 both belong to the type III interferon family, porcine IFN-L1 (GenBank accession no. [ACZ63406.1](ncbi-p:ACZ63406.1){#intref0020}) and IFN-L3 (GenBank accession no. [NP_001159962.1](ncbi-p:NP_001159962.1){#intref0025}) have only 52.4% amino acid identity. Among the four members of human IFN-L, IFN-L1 and IFN-L3 are studied most and show some differences in their antiviral activities ([@bib5], [@bib13]; review). Previous studies have shown that human IFN-L3 has the highest antiviral activity in an *in vitro* model of encephalomyocarditis viral infection ([@bib23]). This finding is consistent with our results comparing the anti-PEDV activity of rpIFN-L1 and L3, as we found that rpIFN-L3 exhibited more anti-PEDV activity at lower concentrations (from 100 ng/ml to 10 ng/ml) than rpIFN-L1 in IPEC-J2 cells ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). In addition, rpIFN-L3 exhibited approximately 30-fold more anti-VSV activity in the bovine kidney MDBK cell line than rpIFN-L1 (data not shown). However, the higher anti-PEDV activity of rpIFN-L3 in IPEC-J2, compared to rpIFN-L1 is not observed in the Vero E6 infection model of PEDV. The difference in antiviral activity between Vero E6 and IPEC-J2 cells may be attributed to a difference in protein affinity of rpIFN-L1 or rpIFN-L3 to IFNLR1, given that both recombinant proteins only have a 52.4% amino acid identity. Our results indicate the importance of the specific cell type used when evaluating the antiviral activity of IFN. Therefore, pIFN-L3 exhibits a more potent, or at least similar, antiviral activity than pIFN-L1.

Type I IFN-α and Type III IFN-L induce overlapping proximal signaling events and downstream antiviral responses, despite engaging different heterodimeric receptors ([@bib12], [@bib13]; review; [@bib33]; review). Consistent with this result, all three IFNs (IFN-α, rpIFN-L1, and rpIFN-L3) provoked the expression of the antiviral genes ISG15, OASL, MxA, and IFITM1, 3 in IPEC-J2 cells. However, the magnitude of these antiviral responses triggered by IFN-α and rpIFN-L were dissimilar, as 1000 ng/ml IFN-α stimulation resulted in an approximately 2-fold reduced expression of ISG15 and MxA compared with rpIFN-L 1 and rpIFN-L3, but IFN-α more efficiently up-regulated IFITM1 expression than rpIFN-L1 ([Fig. 5](#fig5){ref-type="fig"}). Although the different expression of IFNAR and IFNLR1 in epithelial cells accounts for the variation of the profiles of the induced antiviral genes, distinct signaling events of IFN-α and IFN-L might contribute to the different levels of antiviral genes observed in this study. Recent studies have demonstrated that IFN-L specifically activates JAK2, although both IFN-L and IFN-α/β lead to the activation of the receptor-associated tyrosine kinases JAK1 and TYK2 ([@bib21], [@bib22]; review). In addition, interestingly, the transcriptional profiles of antiviral genes elicited by rpIFN-L1 and rpIFN-L3 are not the same, even though rpIFN-L1 and rpIFN-L3 engage the same receptor ([Fig. 5](#fig5){ref-type="fig"}). Further studies are needed to identify the different transcriptional profiles of antiviral genes by different IFNs, which is vital to clarify the various antiviral effects of different IFN-L members.

Collectively, we demonstrated that rpIFN-L1 and rpIFN-L3 displayed robust antiviral activity against PEDV infection in both IPEC-J2 and Vero E6 cells. rpIFN-L up-regulated the expression of several antiviral proteins, including OASL, ISG15, MxA, and IFITMs. The transient expression of IFITM1 and 3 inhibited PEDV infection *in vitro*. Moreover, rpIFN-L1 provided better viral inhibition against PEDV infection of IPEC-J2 cells than porcine IFN-α. Our findings indicate that porcine IFN-L might represent a promising therapeutic agent for PED in the future.
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